Transfer of bacteria/yeast shuttle plasm ids from Escherichia coli into the yeast species Kluyveromyces lactis, Pichia angusta (Hansenula polymorpha), and Pachysolen tannophilus has been accomplished, presumably through inter-kingdom conjugal transfer. Plasmid pEK2 was transferred into a K. lactis mutant to complement trp auxotrophy, while plasmid YEp 13 was mobilized into and complemented P. angusta and P. tannophilus Leu-auxotrophs. Plasmid DNA in the recipient strains was detected by transformation of E. coli with crude yeast cell extracts. Freely replicating plasmids without detectable alterations as well as plasmids with rearrangements were recovered from yeast transconjugants.
Bacteria transfer plasmid and chromosomal DNA from donor to recipient bacterial cells by conjugation. This complex process involves numerous functions that direct donor-recipient cell interactions (tra) and single-stranded DNA formation (mob and oriT), as well as DNA transfer and complementary strand DNA synthesis in both donor and recipient cells (Heinemann, 1992; Guiney and Lanka, 1989) . Plasmid transmission via conjugation has recently been demonstrated to occur between the bacterium Escherichia coli and the yeast Saccharomyces cerevisiae (Heinemann and Sprague, 1989; Heinemann and Sprague, 1991) . This process, termed "trans-kingdom conjugation", is a second example of DNA transfer from prokaryotes to eukaryotes. Along with the Agrobacterium-mediated conjugationlike transfer of plasmid DNA to plants , trans-kingdom conjugation between bacteria and yeasts has sparked discussion on the generality of inter-kingdom genetic exchange (Stachel and Zambryski, 1989; Sikorski et at., 1990) .
Efficient DNA transmission from bacterium to yeast requires physical contact between viable donor and recipient cells. Two sets of plasmid functions harbored within the donor cell are also required: ColE I-type, Fderived or R factor mob functions, and an oriT region compatible with the mob functions, carried on the shuttle plasmid to be mobilized. Plasmid transfer of this type has been demonstrated with ColE I-type mob functions carried on a separate, R 75 I-derived plasmid, pDPT51, and with F-type mob and oriTfunctions both carried on a single plasmid (Heinemann and Sprague, 1989; Taylor et at., 1983) . Other genes encoded by the wide host range plasmid R 751, normally involved in bacterial conjugation, are also required for trans-kingdom conjugation (J. A. Heinemann, personal communication). Another system recently demonstrated involves an oriT region of another wide host range plasmid, RK2, cloned into a shuttle plasmid.
HAYMA A D BOLE
This plasmid can then be mobilized from E. coli into S cerevisiae using a helper plasmid carrying RK2 mob and tra functions, present in the same donor strain (biparental mating) or in a second E. coli donor strain (triparental mating; Nishikawa et af., 1990) . Trans-kingdom transfer may prove useful as a simple, noninjurious method for plasmid introduction into a wide variety of yeasts. Since new transformation systems often must be tailored to each species, this elementary technique may be particularly helpful where no transformation system has yet been developed. To date, however, the phenomenon has been demonstrated with only two yeasts, S cerevisiae and Schizosaccharomyces pombe (Sikorski et af., 1990) , as recipients. Generation ofleucine auxotrophs. Leucine auxotrophs of P. tannophilus were generated by ultraviolet light mutagenesis as described previously (Hayman and Bolen, 1990 ) and identified using yeast nitrogen base (YNB) media lacking selected amino acids.
MATERIALS AND METHODS

Strains and plasmids.
Trans-kingdom conjugations. Matings, with donor and recipient controls, were performed using the "conjugation on permissive media" procedure described by Heinemann and Sprague (1991) . Bacterial donors (SB21 background; Heinemann and Sprague, 1989) were grown to approximately 1 X 10 8 cells/ ml, and recipient yeast strains (Table 1) were grown to approximately 1 X 10 7 cells/m!. Cells were centrifuged, resuspended in TNB (50 mM Tris-HCI pH 7.6, 0.5% NaCI), and mixed in donor to recipient ratios of about 1:1,1:10, 1:100and 1:1000. Mixtures (20f.LI) were applied to YEPD plates and incubated overnight at the appropriate temperature for each yeast. Grown cells were removed from the plates with cotton swabs and resuspended in one ml TNB. The cells were then washed with T B (K. lactis matings only), and appropriate dilutions were plated on YNB containing 1% dextrose and supplements when appropriate (uracil and histidine at 20 f.Lg/ml for S cerevisiae matings).
Plasmid isolations and analyses. To indirectly isolate plasmids from putative yeast transconjugants, selective medium (1.5 ml, Y B plus amino acids when appropriate) was inoculated from yeast colonies, and the cultures were grown overnight. Harvested cells were lysed with phenol and glass beads (Hoffman and Winston, 1991) . Cell lysates were ethanol precipitated prior to transformation ofE. coli strain DH5a. Plasm ids were isolated from E. coli using standard techniques (Sambrook et af., 1989) . Restriction enzyme analysis and agarose gel electrophoresis were performed as described previously (Hayman and Bolen, 1990) .
RESULTS
Strain Selection and Construction
We have studied a variety of different methods for introducing 0 A into yeasts, including trans-kingdom transfer. Yeasts were selected as potential recipients in transkingdom conjugation experiments on the basis of the availability of selective auxotroo A TRA SFER FROM E. coli TO YEASTS 253 phic markers in each genus and plasmids carrying corresponding complementing genes. These yeasts included the linear plasmidcontaining, killer toxin-producing yeast, Kluyveromyces lactis, which we have also been using in electroporation studies (Bolen and McCutchan, 1992) , the methylotrophic yeast, Pichia angusta (Hansenula polymorpha; Kurtzman, 1984) and Pachysolen tannophilus, studied for its ability to ferment xylose to ethanol (Slininger et aI., 1987) .
Two E. coli strains were used as donors. In matings involving S. cerevisiae strain RRL Y-17518 (positive control; Heinemann and Sprague, 1989), haploid S. pombe strain RRL Y-175 19, P. angusta strain RRL Y-17517, or P. tannophilus strain RRL Y-17516, donor E. coli strain JBI09, which contains the mobilizing plasmid pOPT51 and the E. coli-S. cerevisiae shuttle vector YEp 13, was used. Plasmid pOPT51 carries R751 tra and oriT regions, as well as a ColE 1-type mob region, which allows mobilization of plasmids containing a ColE I-type oriT, such as YEp 13. Donor bacterial strain GS 1750, containing plasm ids pOPT51 and shuttle vector pEK2, which also carries a ColE I-type oriT, was used for matings with K. lactis strain RRL Y-17597. Strain GS 1750 was generated by transforming strain JB117, which harbors only pOPT51, with pEK2 plasmid 0 A (Table 1) . Plasmid pEK2, related to pEK27 (Oas et aI., 1982) (Broach et aI., 1979) . This LEu2 marker complements the leu].] mutation generated in P. angusta (Gleeson et aI., 1986) , the Leu-mutation in S. pombe strain RRL Y-17519, and the Leu-mutation we have generated in P. tannophilus.
Plasmid Transfer into Five Yeast Genera
In this report, we show that plasmid transfer does indeed occur between donor E. coli strains and recipient cells of P. tannophiIus, K.lactis, and P. angusta. We also demonstrate that trans-kingdom conjugation will occur using a haploid recipient strain of S.
pombe. This has been demonstrated previously with a diploid strain (Sikorski et aI., 1990) . The plasmid transfer frequencies, as well as the most effective donor to recipient ratios used for matings with each species are shown in Table 2 . Plasmid transfer frequencies (transconjugants per milliliter) for most matings were highest when one to one donor to recipient ratios were used. This was also true for matings transferring YEp 13 into S. cerevisiae. Highest transfer frequencies were seen when P. tannophilus was used as the recipient. Recipient controls showed virtually no reversion to Leu+ in matings using S. cerevisiae, S. pombe, P. angusta or P. tannophiIus. Reversion to Trp+ in matings with K. lactis varied, but occurred at roughly 1 X 10-5 / ml, and was taken into account in frequency calculations (Table 2) .
Plasmid Transfer Has Characteristics of
Conjugation Pachysolen tannophilus was used to determine whether plasmid transfer occurs via a conjugal process. As Heinemann and Sprague (1989) have done with S. cerevisiae, we have demonstrated that trans-kingdom transfer did occur in the presence of 0 ase I, but not when donor and recipient were separated by a 0.45~m nylon membrane, when a donor strain lacking YEp 13 was used with exogenously added excess YEp 13 0 A, nor when YEp 13 alone was present in the donor strain. In addition, mob-C is required for transfer, as parent R factor R751, which lacks the ColE I-type mob region carried on pOPT51, did not detectably mobilize YEp 13 into P. tannophilus (Table 3) .
Indirect Isolation ofPlasmids from Yeasts
To determine whether putative transconjugant cells contained freely replicating piasmids, yeast cell lysates were used to trans-HA YMA A 0 BOLE (Heinemann and Sprague, 1989) . Plasmids R751, pOPT51, YEpl3, and pEK2 have been described (Taylor et al.. 1983; Broach et aI., 1979;  
this work).
Q ApT, resistant to ampicillin at 100~g/ml; Tc T , resistant to tetracycline at 10~g/ml; TpT, resistant to trimethoprim at 200~g/ml; Km T , resistant to kanamycin at 50~g/ml; His-, histidine auxotroph; Leu-, leucine auxotroph; Pro-, proline auxotroph; Rec /-, recombination proficient/deficient; Thr-, threonine auxotroph; Trp-, tryptophan auxotroph; Ura-, uracil auxotroph.
form E. coli. Plasmid D As were then isolated from transformants. Plasmids were recovered in this way from K. lactis, P. angusta, and P. tannophilus transconjugants.
Restriction Analysis of Yeast Plasmids
Plasmid DNAs isolated from E. coli transformed with D A from K. lactis, P. angusta, and P. tannophilus transconjugants were subjected to digestion with EcoRI and electrophoresis (Fig. 1) . Digestion patterns were either indistinguishable (Fig. 1, lanes 2, 4, 7 , and 12) from the patterns of input plasmids YEp 13 (lane 1) and pEK2 (lane 11), or, less frequently, exhibited alterations as determined by differing restriction digest patterns (lanes 3, 5, 6, and 8-10). Plasmid rearrangements, when observed, were found at frequencies around 25%: 2 out of 8 transconjugants examined for S. cerevisiae, 4 of 19 for P. tannophilus, 3 of 8 for P. angusta, and 0 of 2 in K. lactis. This phenomenon has been previously observed in S. cerevisiae and S. pombe as well. In matings with S. cerevisiae, the frequency of rearrangement was found to be similar, approximately 30% (1. Heinemann, personal communication; Sikorski et al., 1990) . In those cases where the restriction patterns of recovered plasmids differed from those of the donor episome, some of the altered plasmids appeared to contain additional D A (Fig. 1, lanes 5, 6 and 9 ). The origin of the added D A has yet to be determined.
DISCUSSION
The initial report of trans-kingdom conjugation in S. cerevisiae describes a 1 to 1000 Note. Results from representative experiments are shown. The donor (SB21 background) to recipient ratio giving the highest number of transconjugants per ml is presented. Transconjugants per ml refers to the number of transconjugants contained in the one ml of T B used for plating on selective media. See Table 1 for abbreviations. Note. Matings were performed as described in Materials and Methods. The recipient used was P. tannophiIus. The donor to recipient ratio was I: I. The donor strain background was SB21.
donor to recipient ratio as optimal (Heinemann and Sprague, 1989). However, mating mixtures in these experiments were plated directly onto selective media. Our experiments, in an effort to obtain the largest possible number of transconjugants, involved an enrichment step on permissive media (see Materials and Methods). Due to the dissimilar growth rates of yeast and bacteria, this permissive growth step may well affect which initial donor to recIpIent ratios result in an optimal number of transconjugants.
It is especially interesting that plasmid YEp 13 can be transferred to and is maintained in P. tannophifus, as YEp 13 has not yet been reported to replicate in this organism. While the 2 ,urn DNA of YEp13 may contain the functioning replicating region, the LEU2 region, shown to have autonomously replicating sequence (ARS) activity in P. angusla (Berardi and Thomas, 1990) may also be functional in P. tannophilus.
Matings were performed using recombination proficient (recA+) E. coli donor strains (see Table 1 ). Since pDPT51, the mobilizing plasmid used in this study, contains sequences homologous to regions of the two shuttle plasmids employed, it is possible that the rearranged plasmids isolated from transconjugants resulted from recombinations between these homologous regions. The use of recA-E. coli strains should eliminate the effects of possible recombination within the donor cells. Experiments to determine whether this affects recovery of altered plasmids from yeast transconjugants are underway. Another possible explanation for the alterations observed in the plasmids isolated indirectly from yeasts is that the rolling circle singlestranded mechanism thought to operate in bacterial conjugal transfer of IncP plasm ids may lead to rearrangements as the single strand of transferred D A enters the yeast cell. Although one might expect some skewing of plasmid rearrangement ratios due to clonal expansion, the frequencies of plasmid alteration observed with most of the yeasts tested using the enrichment mating technique are similar to those observed when the direct plating method is employed with S. cerevisiae.
One reason for the recovery of the observed additional sequences in plasm ids isolated from yeasts may be that they are serving replicating or stabilizing roles. If so, this inter-kingdom transfer technique may allow the recovery of DNA regions that provide these functions.
The results presented here show that the inter-kingdom conjugation phenomenon discovered by Heinemann and Sprague appears to occur with several yeasts other than S. cerevisiae. Evidence that plasmid transfer into P. tannophilus requires mob-C, occurs in the presence of D ase, but does not occur when donor and recipient cells are separated by a membrane, nor when the mobilized plasmid is present alone or only as exogenously added D A (Table 3) clearly supports the hypothesis that transfer at least into P. tannophilus is via a conjugal process.
This technique has now been reported to introduce D A into a total of five yeast genera, specifically, but probably not limited to, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Kluyveromyces lactis, Pichia angusta, and Pachysolen tannophilus. Although conventional transformation systems have been developed for these five organisms [Hinnen et a/., 1978; Beach and urse, 1981; Das and Hollenberg, 1982; Berardi and Thomas, 1990 (and refs. within); Wedlock and Thornton, 1989] , this simple, efficient technique should be applicable to other yeasts for which transformation systems do not as yet exist. The major requirements seem to be a selectable marker expressible in the yeast in question and a functional origin of plasmid replication. Integration into a resident plasmid or the chromosome, already demonstrated for S. cerevisiae (Heinemann and Sprague, 1991; ishikawa et al., 1992) would make the latter requirement unnecessary. One should be cognizant, however, of possible plasmid rearrangement, and the consequent potential disruption of an introduced gene of interest.
